The mechanism by which mitochondria exert protection against oxidant stress is not clear. We recently showed that a purified mitochondrial fraction containing 5 coimmunoprecipitating proteins (succinate dehydrogenase, adenine nucleotide translocator, ATP synthase, inorganic phosphate carrier, and mitochondrial ATP-binding cassette protein 1 or mABC1) displayed mitochondrial ATP-sensitive K ؉ -channel activity. mABC1, a member of the ABC family of proteins, is the only protein in this complex whose function is not known. A yeast homologue of mABC1 protein, Mdl1p, was recently identified to have a novel role for induction of cellular resistance to oxidant stress. Based on these observations, we hypothesized that mABC1 plays a key role in protection of myocardial cells against oxidant stress. We studied the function of mABC1 by modulating the levels of this protein in neonatal rat cardiomyocytes using various molecular techniques, followed by assessment of cell viability and measurement of mitochondrial membrane potential. RNA interference resulted in reduced mABC1 mRNA and protein levels and was associated with significantly attenuated loss of tetramethylrhodamine ethyl ester fluorescence under basal conditions and an increase in trypan blue stained cells. In contrast, adenovirally mediated expression of mABC1 resulted in protection against oxidant stress loss of mitochondrial membrane potential. These results support the notion that mABC1 protein plays a major role in cellular protection against oxidant stress, identifying mABC1 as a novel target for cardioprotective therapeutics.
M embers of the ATP-binding cassette (ABC) family have been isolated from many organisms. 1 They are membrane proteins that generally use the energy from ATP hydrolysis to transport various substrates, such as amino acids, steroids, proteins, and phospholipids. 2 So far, only 3 yeast and 4 mammalian ABC proteins have been identified in the mitochondria. Of these mitochondrial proteins, only the function ATM1p, ABC7, and ABCme has been characterized. They are thought to be involved in Fe/S transport and maturation of cytosolic Fe/S proteins. The cDNA for a mammalian ABC protein, mitochondrial ABC1 (mABC1), was recently characterized; however, the function of this protein is unknown. mABC1 displays more homology with yeast Mdl1 and Mdl2 proteins than other ABC proteins. 3 A recent study reported that Mdl1 may confer cellular resistance to oxidant stress. 4 Another study suggested a role for Mdl1 in intracellular peptide transport; however, this function of Mdl1 would not fully explain its role in protection against oxidant stress. 5 Mitochondrial ATP-sensitive K ϩ channel (mitoK ATP ) is shown to play a key role in the process of ischemic preconditioning and protection against apoptosis 6, 7 ; however, its structure remains unclear. We recently undertook studies to identify the molecular structure of mitoK ATP . Using coimmunoprecipitation and yeast 2-hybrid techniques, we showed that a complex of at least 5 proteins, including mABC1, succinate dehydrogenase, inorganic phosphate carrier, adenine nucleotide translocator, and ATP synthase, form a macromolecular supercomplex in the mitochondrial inner membrane. A highly purified fraction of the innermitochondrial membrane, containing all 5 members of this supercomplex, was then isolated and shown to have mitoK ATP -channel activity. 8 The observations that mABC1 is part of a complex with mitoK ATP activity and that the yeast homologue of this protein confers resistance against oxidants stress suggest that mABC1 may either directly or indirectly influence cellular protection against ischemia and oxidant stress. To address this issue, contemporary molecular approaches were used here to modulate mABC1 expression. We show that small interfering RNA (SiRNA)-mediated downregulation of mABC1 protein resulted in a significant reduction in mitochondrial membrane potential and a decrease in the number of viable cells. In contrast, adenoviral vector-mediated overexpression of the protein resulted in the attenuation of oxidant stress-induced loss of mitochondrial membrane potential.
Materials and Methods
Neonatal rat cardiomyocytes (NRCMs) were prepared as described before 9 and are detailed in the online data supplement available at http://circres. ahajournals.org. siRNA duplexes were transfected into NRCM using the TransMessenger Kit (Qiagen). The level of mABC inhibition was assessed using RT-PCR and Western blot analysis. A recombinant adenoviral vector encoding green fluorescent protein and human mABC1 cDNA was constructed and transduced into NRCMs. Experimental procedures are described in detail in the online data supplement.
Results and Discussion
To reduce the baseline levels of the protein, we transfected NRCMs with a rhodamine-labeled mABC1 SiRNA. As shown in Figure 1A , the transfected cells displayed a characteristic punctuate fluorescence around their nuclei, indicative of SiRNA in the RNA i silencing complex. The level of mABC1 mRNA was then measured using RT-PCR in mABC1 SiRNA-transfected and shamtransfected cells. There was a significant reduction in the levels of mABC1 mRNA in SiRNA-transfected cells ( Figure 1B ). Western blot analysis also showed a significant reduction in the levels of mABC1 protein in mABC1 SiRNA-transfected cells versus nonsilencing control SiRNA-transfected cells ( Figure 1C ). Cells transfected with mABC1 SiRNA and sham-transfected cells were then subjected to flow cytometry 48 hours after transfection. We have previously demonstrated 3 distinct phases of membrane potential changes in NRCMs as they undergo oxidant stress-induced cell death. 10 As shown in Figure 1D , treatment of cells with mABC1 SiRNA resulted in a loss of ⌬⌿ m , as indicated by a reduction in the peak of high-fluorescence intensity (Ͼ10 2 ) cells, and a significant increase in the number of depolarized and dying cells in the peaks of lower intensity (Ͻ10 2 ). Figure 1E represents a summary of our experiments with mABC1 SiRNA. Treatment of cells with the SiRNA resulted in an Ϸ40% reduction in high-fluorescence cells and an Ϸ40% increase in the depolarized/dying cells. It should be noted that at baseline, we noted a lower proportion of cells with high fluorescence than reported previously. 10 This is likely to be attributable to the addition of the transfection media and incubation of the cells in serum-free media for 24 hours.
Because treatment of cells with SiRNA can have nonspecific effects, we performed additional experiments in which we compared mABC1 SiRNA-treated cells to nonsilencing control SiRNAtreated cells. In accordance with previous results, we saw a significantly greater decrease in high-fluorescence cells as compared with SiRNA control (percentage of reduction of 22.0Ϯ1.3); however, this was slightly lower than the difference we had observed with sham-transfected cells.
We then used trypan blue exclusion studies as an additional measure of cell viability. Treatment of NRCMs with mABC1 SiRNA resulted in a significant increase in the number of stained cells (ie, dead cells) compared with cells treated with nonsilencing SiRNA (percentage of dead cells of 36.6Ϯ2.7 versus 73Ϯ1.5, respectively; PϽ0.05).
To better evaluate the potential role of mABC1 in cellular protection, we overexpressed the protein in NRCMs using an adenoviral expression system. AdCIG-mABC1, an adenovirus containing mABC1 cDNA and green fluorescent protein, was added to NRCMs, and cells were evaluated after 48 hours under confocal microscopy. As shown in Figure 2A , as low as 0.5ϫ10 9 plaqueforming units of the adenovirus yielded green fluorescence in Ͼ90% of the cells. Extracts of the cells were then obtained and probed with mABC1 antibody after they were run on an SDS- There was a significant increase in the levels of mABC1 protein in cells treated with the adenovirus. Longer exposure of the gel showed a band at 55 kDa in the nontransduced cells. C, Cells experienced a significant loss of mitochondrial membrane potential when exposed to 50 mol/L H 2 O 2 ; however, this effect was reversed by the addition of the mABC1 adenovirus.
PAGE gel. There was a significant increase in mABC1 protein expression, as shown in Figure 2B .
We then studied the response of AdCIG-mABC1-transduced cells to oxidative stress by H 2 O 2 exposure. Cells were first treated for 48 hours with AdCIG-mABC1, followed by the addition of H 2 O 2 . As shown in Figure 2C , treatment with AdCIG-mABC1 significantly preserved the number of cells in the high-fluorescence peak. Control experiments with ADCIG-only adenovirus did not result in protection against cell death (percentage of cells in high-fluorescence peak in AdCIG-treated cells versus not treated cells of 27.8 and 27.9, respectively; Pϭ0.95). These results suggest that mABC1 protects cells against H 2 O 2 -induced mitochondrial dysfunction.
We previously argued that mABC1 is part of a mitochondrial macromolecular complex with mitoK ATP -channel activity. 8 Thus, the question may arise as to how this protective effect of mABC1 may be related to the mitoK ATP -channel activity. To address this question, we treated AdCIG-mABC1 treated cells with mitoK ATP inhibitors, 5-hydroxydecanoate and glybenclamide, followed by the addition of H 2 O 2 and flow cytometry. Addition of these drugs did not cause any change in the pattern of tetramethylrhodamine ethyl ester (TMRE) uptake (percentage of change in high-fluorescence cells with the addition of 5-hydroxydecanoate and glybenclamide of Ϫ1.4 [Pϭ0.91] and ϩ16.6% [Pϭ0.40], respectively). These results suggest that mABC1 may exert its protective effects through a novel mechanism and independent of mitoK ATP . Alternatively, mABC1 overexpression may render cells refractory to the effects of pharmacological mitoK ATP inhibitors, eg, through allosteric or stoichiometric effects on the channel complex.
In this article, we proposed that mABC1 plays a role in cellular protection against oxidant stress. This hypothesis was based on our previous studies showing that mABC1 is part of a complex that displays mitoK ATP -channel activity, 8 which plays a central role in cardioprotection, and on studies on yeast homolog of mABC1 (Mdl1p), which has been shown to play a novel role in induction of cellular resistance to oxidant stress. 4 To address this question, we downregulated the levels of mABC1 protein using SiRNA technique and assessed TMRE uptake by mitochondria, in addition to trypan blue exclusion studies. We demonstrated that cells with lower mABC1 levels displayed reduced membrane potential and an increase in trypan blue stain at basal levels, suggesting that mABC1 protein is essential for viability of cells under basal conditions. We then overexpressed mABC1 protein in NRCMs using an adenovirus. Overexpression of mABC1 significantly attenuated mitochondrial membrane potential loss induced by hydrogen peroxide. These results suggest that mABC1 plays a significant role in cellular viability under basal conditions and protects cells against oxidant stress.
The mechanism by which mABC1 exerts its cardioprotective effects is not clear at this point. mABC1, based on its homology with other mitochondrial ABC proteins, may play a role in the mitochondrial iron homeostasis. Changes in the levels of this protein can, therefore, result in an increase in the cellular oxidative stress induced by metal ions. mABC1 may also exert cardioprotective effects by increasing the turnover of damaged mitochondrial membrane proteins induced by oxidant stress. Further insight into these possibilities will require functional characterization of mABC1 protein, which is currently the subject of our studies.
